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An investigation waa coaducted t o  determrlne the ef fec ts  of 
inoreased gas temperature on the perfca6ance af oaat V i t a l l i m  
blade8 in  a turbojet engine. The blades were mount& in a T W n  
16-25-6 rotor a d  subJemted to accelerated  operation  consisting 
of 20-slinute cyclee, approximately 5 minutes at idle and 15 minutee 
at rated speed. The maximum estimated blade thperature during 
the  evaiuatlon was 160O0 F. 

After 79 cyclee (2 hr, 30 an) of operation, one blade 
fractured 88 .the result of a fatigue f allure ernd two blade8 had 
large tramcgstalline cracke, which d5d not appear to result fran 
fatigue. A large number af blades had intercrystalline cracks. 
The mechaniem leading to intemrystall ine  failure w a s  analyzed OZI 
the basia of the results of the metallurgical examination. 

No correlation could be made betwean blade failure and 
elongation aa ampared xith grain e i z e  and hardneeam 

Caat V i t a l l i u m  turbine bl6des &re evidently muitable for 
turbojet-engine use at a rotor epeed and gas temperature that r e m l t  
i n  a strees of 21,000 pauds per quare inch i n  the  oenter of the 
airfoil   section of0the blade and a marlmnun blade temperature of 
approximstely 1600 F. Under these conditione, the Tinken 16-25-6 
rotor manifested LZO evidence of elongstion or falllure i n  the 
2L-hour duration of operatim. 2 
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the gaa temperature l a  the allowable operating  tamperature of the 
turbine bldee  . On the bema of improving ga8-turbine perf'ormanoe, 
a determination of the -irmslll allowable operating temperature af 
the turbine blades is therefore deelrable. 

AB gart; UP the over-all ~p.'oepram t o  evaluate heat-reeisti.ng 
alloys for use in Jet engines, an i r m e e t l ~ t l a n  was cOnaucted at the 
NACA Lewis laboratory to  deternine the performance af oset Vltallium 
bladee mounted in a Tiniken 16-25-6 rotor at a gem temperature of 
ZOO0 B sbove the cyclic temperature employeU in earlier evaluatlone 
(Merenoe 1). The data obtained acme t o  establish a bssie for  
c ~ p e e l n g  other heat-reelsting alloys at increased operating 
tanperaturee . 

The bladee ueed were at the current m u o t i o n  type and were  
radiographically sound. The ncainal chemiaal ccmposttlon by per- 
cent was: 

C cr Mn 
0.20 - 0.35 25.0 - 30.0 4.50 - 6.50 

Hi Be Mrl co 
1.50 - 5-50 2 .0  maximum 1.0 mejcimum balance 

The inveetlgatlon waa conduoted on a turbo j e t  engine having a 
naepinal thruet d 4OOO paunde azd Incarporating a dualentry 
aentrifugal ocmpreseor, 14 cmibustlon ohtmibers, an3 a eingle-etage 
t u r b m .  The apparatus, the fuel, and the engins inetrumsntatlon 
azw deacribed In reference 1. The operating a d i t i o n e  are ahown 
in  the following table : 
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The gaa temperature at the exhawt-oone outlet waa increased 
over the U4Oo F wed in mvious  cyclic  evaluations (refereme 1) 
by raising  the back pressure in the  turbine by mean8 of a variable- 
area nozzle. This procedure csueed an increase in gaa temperature 
without ch8nging the speed of the  rotor. 

A detemination of the amount of elongation in turbine  blades 
is of impoqtance in correlating performance i n  the engine with 
existing design dater. In  order t o  determine the amount of blade 
elongation, f ive blades were scribed, 88 shown in f igure  l (a)  , and 
measurements made between these m a r k s .  This number  of blades, 
which  were a w e d  at rand- ia the  rotor, waa selected to give a 
representative sample of the  entire  turbine rotor. The gage maxke~ 
were scribed near the  trail ing edge of the blades t o  allow measure- 
ment w i t h o u t  removing the turbine rotor from the engine. The 
measurements  were made by means cdt an optical extensometer reading 
t o  f0.005 inch. In order t o  determine the amount of turbine-wheel 
elongation, scribe marh were placed at 1/2=Inch intervals along 
two .diameters at right angles t o  eadh other on the exhaust side of 
the rotor.  

. A metallurgical  Investigation af broken and unbroken blades 
WBB made to determine the m e c m  of blade failure. This infor- 
mation permits an appraisal of the relative importance of various 
physical  properties i n  turbine-blade desi@. The following e3cBmip- 
ation procedures were used: 

Visual  examination. = The broken 8nd uabroken blade8 were 
examined without  ms@pifloatlon or under a low-pcrwer mlorosmpe t o  
detellnine the  surface  oondition 09 blades and of fracture  areas In 
the blades. 

Radiographic and fluorescent-oil  exembation. - A l l  bladea 
were radiographed a d  given a fluorescent-oil  inspection  after 
removal fr& the turbine wheel t o  determine the number of cracked 
bladee and the  location of the craoke. The turbine  rotor w88 -0 
given a fluorescent-oil  inapection to deternine if there w a s  any 
evidence of failure. 

Macroexamination. - A l l  broken soribed blades were electro- 
m l c a l l y  etched in IO-percent aqueous hydroohloric  acid t o  reveal 
the macrostructure. The grain size af the b l d e s  wae detemined 
ueing the standard A.S .'P.M. procedure  except that the measurmente 
were made at a magntPication of 1 instead of the usual 100 diameters. 
Examination of the etched blades revealed the nature of crack propa- 
gation, that Is, transcrgstalline  or  lntercryetalline. 
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Hardnee8 eurveye. - Hardaees meaeurennsnts were d e  ca a 
har&eae teeter  of the indentation type, wing a major and a minor 
load applied by a loaded lever syetean. The load of 150 kilo~p.azne 
was applied t o  a 8pherooonica.l mentor (Rookwell C).  The hardneesee 
of all the broken b l d e a  and the f ive ecribed bladee were determined 
frau baee t o   t i p  along the  center and from the leading t o  trailing 
edge at the base, the middle, and tbe t i p  of the airfoil  eectlon. 
The zones of the hasdnese surveys are shown in figure I (b)  . 

Microexamination. - Area8 of blade fail- and distortion uere 
microscopioal~ examiaea t o  deternine  the mechanlmna by which  the 
blade failures occurred. Microscopic  examinations were a lso  made 
t o  determine the amount ae aging cccurrlng during engine operation. 
A l l  samples were electrolgtioally etuhed In a solution of 10-percent 
n i t r ic  acld - 10-percent ethylene glycol in ethyl alcohol. 

RESULTS 

Experimental Investigation 

After 7$ cycle6 (2 hr, 30 min) of operatiaol, one blade 
fractured and the upper portlon was carried out the exhawt oone 
of the engine. Engine operatlap w88 ternhated at thie pint 
became the oornditioa & the mnalning bladee Wllcated  that  they 
were claee t o  failure. 

The codi t ion af the four b m e a  that  were oonefdered broken 
beoause they shoved large cr&ake through the thickneae of the 
airfoil  eeotian ie premnted in table I. The turbine rotor at the 
concluaion af the nm ie  ehm in f lgure 2 ; the f rautured and cracked 
bladeB are ehm In figure8 3 an8 4, respectively. 

Final  eloqation measurspaenta were made and plotted  with  the 
meaeuremente made at the end af' the f tmt 5 cycle8 (1 hr, 40 min) 
em peroatage  elongation in each l/2-Inoh-gage length, BB sham 
in figure 5 .  Total blade elongations were deternine3 aad a m  
preeented in table II. The over-all  blade  elongatlone a f te r  
7- cyolee renge from 1.50 t o  2.71 percent. Fran the elongation 
dietributions, it can be men  that  the  largeet partion of the blade 

elongation (2.37 t o  6.04 percent) occura in the  section 12 t o  

2g inches from the top cdt the blade root. A camparison of the 
elongation in this  section w i t h  the to ta l  elongation is also presented 
in table 11. This canp ieon  Izkiicates that approximately 60 t o  
84 percent af the t o t a l  blade elongation oacure in  th la  zone. 

1 
2 

7 8 
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EO measurable elongation occurred between the scribe mar& on 

the  rotor after 2- hours of operation. 1 
2 

Metallurgical Investigation 

Visual  examination. !Che bled8 eurfacee were coated xith a 
dark gray oxide ard ahowed surface irregularitus, whish appeared 
t o  have b6en caused by a relative  ehifting of grains. Small orach 
were visible in many of the blades a v a ~  fran the  leeding an3 trail- 
ing edges. The failure surface of the fractured blade (fig. 6 )  
exhibited  three  dietinct zones. llhe zom at the t ra i l ing  edge was 
covered xith a dark gray a i d e  eLlld had the smooth surface typical of 
fatigue fracture, thht is, omcentric marking8 through the metal 
about a nucleus id i ca t ing  that this failure originated by a f atigue 
mechanism. The zone at the 1eadIn.g edge, covered xith a blue oxide, 
had a come  cryetalline  apparance,  characteristic of st rees-  
rupture-test failures at? cast V % t a l l i u m .  The central zone is one 
of transition between the  other two zones, The fracture surface of 
the  large  internal  crack in another blade was similar t o  the 
leading-edge zone in the fractured blade euoept that it x88 covered 
w i t h  a dark grqy oxide. Large c r m b  in  the trailing edge6 of two 
blades were ooated w i t h  a dark grey oxide a d  were eimilar in 
texture t o  the transition zone aP the fractured blade. No evidence 
of a fatigue-type  failure appeared in these  crach. 

o i l  exminatione. They occurred at midahord at' the blades at a . 
distance of 1; t o  3 inches fran the top of the blade root. Ho cracke 
vere found in the leading  or trsiling edgos. NO evidenoe at' crack- 
ing waa appecrent In the turbine rotor. 

4 
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reported are -eragee of two t o  four reading. The m i a t i o n  in 
these read- at any poeitim was from 1 t o  3 point8. No appeciable 
chordwise variation in  hardness y88 observed. 

Microexeunination. The microstructure8 of distorted grsiner aad 
areas of intercryatalline cracking are shown in figure8 8 and 3, 
respectively. Theee p3lotanicrographa reveal the presence of what 
appears t o  be small grains within the large primary grains af the 
struoture. TRrvainatim a€' an mused oaet Vitallium blade disoloeed 
no evidenoe of! these eecondary grains except for a few ecattered 
traces in the very thin trailing edge (fig. lo). The micro- 
structure in the zone of the  fatigue nucleus in the fractured blade is 
shown in figure 11. Note that a very fine eecoaabary-grain boundsry 
occurs in the p i n  at the t i p  aP the frmture. Mlcroexaminaticw of 
the failure zones in the two blades having trsnecryetallins cracllra in 
their trailing edges revealed no evidence of sewrdary grains. A 
ca~parieion of the amount of aging that oocur~ along the blade during 
operation, as shown in figure 12, revealed that the amount of aging 
at the baae ard the t i p  ct the amoi l  section was the same with a 
greater amount of aging occurring in the center e ~ n e  ni the section. 

The centrifugal  strees  distribution in cast V i t a l l i u m  bWee 
at a turbine sped of 1~.,500 rpm ie shown in f 1- l3. !&e maximum 
temperature of the blades of this  investigation can be appmximated 
on the basis UP previoue tempratme eurvey8 at low gas tsn~praturee . 
By the extenelon of the curve of ma~~imum blade temperature p l o t t s d  
agedmt average gae temperature at the exhauet-cme outlet ( f ig .  14), 
the apprarlmate mazimum blade temperature waa l6OO0 F durfng thie 
evaluation a t  an average erhauet-mne-outlet tepnperature at' 1440° F. 
The conditions UP engine operation merefore resulted in a etreee 
of about 21,000 parryiLe per square inoh at the mideectlon ob the 
airfoil eeotfon of the b l a b  (fig. 13) and a mcrrimuaa blade tSanperetture 
of! apprarrcimately 1600' F. 

By extraplatian of the data preeented In refemnae 4, the 
rupture 1-e V i t a l l i u a p  st a tatperatwe a~ 1600° B a etrees 
of 21,000 pounde per square inoh is between 1 2 h a m .  Theee 
data are for aged Vitallium. The data, however, indicate that the 

r 
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the largest number aP failures CZ cast  Vitallium  blades have been 
cauaed by fatigue. The results of thie inves tigation indicate  that 
fatigue is a came af blade failure at a higher tempratwe of 
operation aa well. 

The results af the grain-size measurements failed t o  produce 
any relation between blade failure or elongation and grain size, 
probabw  became at the wide variation of grain  size and orientation 
within  the  individual  blades. These variations are very likely due 
to dif f  erenoes in  oasting  variablee  during blade fabrication. An 

figure 15. 
' example of the grain-size variation within a blade ia shown i n  , 

The results & %he hardneas surveys yielded no correlation 
between blade failure or elongation a d  hesdaees. The hsrdaese 
variation along the blades (fig. 7) is an indioation of the combined 
effects of stress and temperature distribution  in strain and age- 
hardening the blade8 during operation. 

The results of the metallurgioal examination indicate  that 
the grain distortion of the blades is due t o  orientation differences 
between graim. These differences  result in  W e r e n t  magnitudes of 
grain sltp, depending on the variation of the orientation from the 
preferred s l i p  orientation ( f i g .  8 ) .  The blade-surface distortion 
is  the same as the "orange-peel" or  "alligator-skin"  surfece found 
i n  coarse-grained low-carbon steels after deep-drawing (reference 5). 
The orange-peel effect i n  steels is also due t o  orientation dif'fer- 
ences i n  coarse-grained  areas.  After the grains have elongated to  
the  point where they become strain-hardened,  they resist  further 
elongation.  Further stress then induces failure  in  the  grain 
bOundarie6 . 

The presence of the secodmy-grain boundary in the  fatigue- 
fractured blade (fig. 11) suggests the poeafbil i ty that the secondary 
grains and the i r  boundaries, when present i n  the original unused 
blades (fig. 10) or formad during ope ra t f a ,  might serve 88  the^ stress 
raisers that nucleate' a fatigue  failure The intercrystalhe crach 
m i g h t  also serve as fatigue nuclei. The presence aP secomlary graiqs 
and intercrystalline cracka euggests that, although cast Vitallium 
blades have a certain  rupture l ife,  they are only suitable for me 
t o  a point in the rupture life where the  stress raieara w l t h i n  the 
alloy make it swceptible  to  fatigue  failure. 

Results ae the microexemination of the two blades  having large 
tranacryatalline craclce in  their t ra i l ing edge indicate that they 
sppazently failed by same different mechanism. 
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The msulte at' the Investigation of oaet Vitallium blades 
mounted In a Timken 16-25-6 rotor at a gae temperature af 1440' 
*zoo F at the exhaust-cone outlet may be a-zd aa follow: 

1. The l i f e  of the  cast Vitallium blades mounted in a Timlren 
16-25-6 rotor In the cyclic-englne deterrminstlon at a stress of 
21,000 pounds per square inoh at the  center of the airf'oll  section 
and a maximum blade temperature of approximately 160O0 B WBB 

7- cycles (2  hr, 30 an). There w&8 no evlaence & failure or 
radial elongation of the  rotor at the end of thie time. 

1 
2 

2. A t  the e& of 76 cycles, one blede fractured by a fatigue 
meuhanlarn. Two bladt38 had large tranacryatalltne o r a c h ,  which did 
not  appear t o  have been cawed by fatigue. One blade had a large 
internal craok and 31 af the 54 blades hed emall craokB, all  aP 
whluh were intercryatallhe.  All blades showed evldeace al? grain 
distortion, which resulted is an "orSnge-pee1" effect on the blade 
surface. 

3. The over-all blade elongatlone after 7$ cycles rapged frtm 
1 .SO t o  2.71 percent. The elongation i n  a zbae 1- 3 t o  2; inches 
frm the top of the blade  root ranged f ran 2.37 t o  6.04 percent. 
Approximately 60 to  84 percent af the   total  blade elongation oocurred 
in  t h i s  zone. 

8 

4. No c o r r e l a t i ~  could be f o d  between blade f allure & 
hardnees or between elongation an8 hardness. All blade6 v8re 
h d e r  at the center than at the t i p  or the baae of the airfoil 
section. 

5. A wide epread in grain eize within apd between the blades 
waa observed. No oorrelation could be made between blade failure 
and grain size or between elongation and graln efze. 
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temperature uf upguwximately 160O0 F. Under these  oonditione, 
the Timken 16-25-6 rotor msnifested no evidence of' elcmga-blon or 
failure in the 2 hour duration of operation. 1 

2- 
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C- 2% 28 
2-8-49  

Figure 2. - Turbine rotor after 72' cycles (2 hr, 30 min) ctf Opera'Glon. 1 
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( 0 )  Blade 46. 
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( e )  Blade 54. 
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Figure 6.- Varlatlon  in  e longation  along  airfoi l   seat ion of blade plot ted at midpolnt 
or gage section. 
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f -  
Bakelite 

27 

7-8-49  

Figure 8. - D i e t o r t e d  grains. Structure at blade eurfaoe indicates grain movement, X25. 
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-Crack 
surface 

"Bakelite 

c-23738 
7-8-49 

(b) Area alongside crack containing secondary grains, X250. 

Figure 9. - Intercrystalline cracks. 
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C- 2374 1 
7.8.49 

(b) Base af ailleoil eect lon.  Blade 4%; Rookvell C hardmas, 34. 

Figure 12. - Amount of aging occurring durfng blade operation, X250. 
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C- 23742 
7 - 8 - 4 9  

(c) Center of airfoil  section. Blade 48; Rockwell C hardness, 40. 

Figure 12. - Concluded. Amount of aging occurring during blade operation, E50. 
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. 

Base 
D i  a tanas, in. 

Figure 13. - Variation  in  centrifugal stresa in cast 
Vitallium turbine  blade. Turbine speed, 11,500 rpm; 
radius of turbine r o t o r ,  8.99 inches. (Data obtained 
from fig. 6 of reference 2.) 
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Figure 14.  - Variation of maximum blade tempera- 
ture wlth  average  exhaust-cone-outlet  gas 
temperature. 
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C- 23743 
7-8-49  

FI@re 15. - Graln struoture within blede wlth gain-size range fram 4 to 128 grains per 
quare lmh. Eleotrolyt ical ly  et- in lo-peroent hydmchloria aaid. 
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